Preserving the integrity of the DNA double helix is crucial for the maintenance of genomic stability. Therefore, DNA double-strand breaks represent a serious threat to cells. In this review, we describe the two major strategies used to repair double strand breaks: non-homologous end joining and homologous recombination, emphasizing the mutagenic aspects of each. We focus on emerging evidence that homologous recombination, long thought to be an error-free repair process, can in fact be highly mutagenic, particularly in contexts requiring large amounts of DNA synthesis. Recent investigations have begun to illuminate the molecular mechanisms by which error-prone double-strand break repair can create major genomic changes, such as translocations and complex chromosome rearrangements. We highlight these studies and discuss proposed models that may explain some of the more extreme genetic changes observed in human cancers and congenital disorders.
DNA double-strand breaks (DSBs) are chromosome lesions with high mutagenic potential. They can be caused by a number of exogenous factors and endogenous processes, including exposure to high-energy radiation, movement of transposable elements, and the collapse of DNA replication forks (reviewed in Mehta and Haber, 2014) . In contrast to other types of DNA damage, which typically alter just one strand of the double helix and can be accurately repaired using the other strand as a template, DSBs result in the loss of integrity of both complementary strands. This poses a unique challenge to the cell and results in more opportunities for inaccurate repair. Importantly, error-prone repair of DSBs can alter the DNA sequence and result in loss of genetic information, occasionally leading to extreme genomic instability that characterizes cancer, and certain other human diseases.
DSBs are also important intermediates in many adaptive processes, including meiotic recombination in most sexually reproducing organisms and mating type switching in budding and fission yeasts. In many vertebrates, programmed DSBs are also created during the assembly of immunoglobulin antigen receptor genes by V(D)J recombination and during immunoglobulin heavy chain class switching (reviewed in Boboila et al., 2012) . Furthermore, many genome editing techniques, including those that utilize zinc finger nucleases, TALENs, and CRISPR-Cas, involve DSB intermediates that must be repaired by the cell (reviewed in Cox et al., 2015) . Depending on the type of repair employed, repair of these engineered breaks can proceed faithfully or result in mutations and/or genome modifications. Thus, a thorough understanding of the factors that may promote error-prone DSB repair is important to be able to drive these processes toward a desired outcome.
End Joining and Homologous Recombination Can Both be Mutagenic
Cells use two general types of mechanisms to repair DSBs (Fig. 1) . The first set of mechanisms, collectively referred to as non-homologous end-joining (NHEJ) repair, is characterized by rejoining of broken ends without the use of extensive homology. NHEJ is frequently associated with the presence of small insertions and deletions (indels) at the break site. Although NHEJ is usually regarded as error-prone, its actual propensity toward inaccurate repair may be overestimated, since accurate NHEJ repair is genetically silent in many of the standard assays that have been used to study it (Betermier et al., 2014) . It is now clear that at least two subtypes of NHEJ operate in many cells. Generally, these are referred to as classical non-homologous end joining and alternative non-homologous end joining. As we describe in the next section, these two types of repair have very different consequences for genome integrity.
In contrast to NHEJ, repair of DSBs by homologous recombination (HR) involves the copying of DNA from a homologous template. HR is typically described as an error-free repair mechanism. However, studies from budding yeast have shown that HR can be up to 1,000-fold more mutagenic than normal DNA replication (Hicks et al., 2010; Deem et al., 2011) . The types of mutations observed in the yeast systems following HR repair include base pair substitutions, indels, and complex chromosome rearrangements. In addition, analysis of duplication and triplication events from human populations suggests that various forms of HR repair may be responsible for genome-destabilizing events that lead to cancers and inherited disorders (Chen et al., 2010) . Thus, it is becoming clear that HR repair has the capacity to be highly mutagenic, at least in certain contexts.
In this review, we highlight recent studies that demonstrate the mutagenic capacity of various types of DSB repair, with a focus on mechanistic insights and models that can explain the observed mutagenicity of end joining and homologous recombination. We analyze the evidence for three potential sources of HR-induced mutagenesis: (1) the vulnerability of single-stranded DNA to damaging agents, (2) the use of error-prone translesion DNA polymerases during various stages of repair synthesis, and (3) the non-processive nature of HR repair synthesis, which provides frequent opportunities for DNA polymerase slippage and template switching. These template switches, when they involve synthesis from homeologous or microhomologous templates, can lead to the introduction of non-synonymous sequences and/or coupled deletions and insertions. Finally, we highlight how both aberrant end joining and homologous recombination may contribute to the chromosome rearrangements and genomic instability observed in many human diseases, particularly cancer.
End-Joining Repair Encompasses Several Mechanisms With Varying Levels of Mutagenic Potential
Classical non-homologous end joining, or C-NHEJ, has evolved as a rapid and efficient way to repair DSBs. Typically, it is viewed as an error-prone mechanism that generates small sequence changes near the DSB site (Fig. 2) , perhaps because of its documented mutagenic role in V(D)J recombination during the diversification of antibodies in the mammalian immune system (Boboila et al., 2012) . It has been argued that the perceived mutagenic nature of C-NHEJ is actually due to its flexibility and proficiency in dealing with a wide range of DSB structures (Betermier et al., 2014) . Nonetheless, C-NHEJ is able to accurately restore the DNA duplex to its original form, especially if the DNA ends to be ligated are complementary. Such genetically silent outcomes are difficult to measure in a chromosomal context but can be quantified in assays involving recircularization of restriction-enzyme cut plasmid DNA (Boulton and Jackson, 1996) . C-NHEJ requires, at a minimum, the Ku70/80 proteins that bind to the broken ends and prevent extensive DNA resection and the DNA ligase 4/XRCC4/XLF complex that is needed for the final ligation step (reviewed in Waters et al., 2014; Williams et al., 2014) . C-NHEJ in vertebrates also utilizes DNA-PK cs , which employs its kinase signaling activity to autophosphorylate and to signal for the recruitment of other C-NHEJ proteins (Jette and Lees-Miller, 2015) . A number of C-NHEJ proteins are also utilized for the processing and repair of non-cohesive or complex DNA ends, including the Artemis endonuclease (Riballo et al., 2004) , the X-family polymerases mu and lambda (Nick McElhinny et al., 2005) , and the newly identified XRCC4 paralog PAXX (Xing et al., 2015) .
Cells in which C-NHEJ is blocked due to mutation or chemical inhibition of one of the core C-NHEJ components are still able to repair DSBs through one or more alternative end-joining mechanisms (A-NHEJ; reviewed in Deriano and Roth, 2013) . In one type of A-NHEJ, termed microhomology-mediated end joining (MMEJ), repair initiates by resection or unwinding of double-stranded DNA to expose short, single-strand microhomologies on the order of 6-20 nucleotides ( Fig. 2B ; Ma et al., 2003; McVey and Lee, 2008) . These sequences subsequently anneal and repair is completed by cleavage of overhanging 3 0 flaps, synthesis to fill single-stranded gaps, and ligation. In contrast to C-NHEJ, MMEJ does not require DNA ligase 4, but instead utilizes DNA ligase 1 in yeast (Ma et al., 2003) and DNA ligases 1 and 3 in metazoans in the rejoining step (Paul et al., 2013) . Poly (ADP-ribose) polymerase (PARP) has also been shown to be important for MMEJ repair (Wang et al., 2006) , although its exact role is unclear. By its very nature, MMEJ is always mutagenic, resulting in deletions of varying lengths and loss of genetic information.
A more extreme version of MMEJ exists in the single-strand annealing (SSA) pathway of DSB repair. SSA is sometimes classified as a homologous recombination repair mechanism because SSA and HR share some common genetic requirements and initial mechanistic steps (Fishman-Lobell et al., 1992) . During SSA, extensive resection occurs, revealing single-stranded, complementary DNA ends of $25 base pairs to multiple kilobases. As with MMEJ, these ends anneal and repair is completed by flap cleavage and ligation. The genetic requirements for MMEJ and SSA partially, but not fully, overlap. Resection is needed for both mechanisms, but the annealing, synthesis, and processing stages may involve specific proteins and repair complexes (Decottignies, 2013) .
While MMEJ and SSA always create repair products containing simple deletions, A-NHEJ mechanisms can also result in repair junctions with complex insertions/deletions, where the insertions appear to be perfect or imperfect repeats of nearby flanking sequences. Multiple studies have now identified translesion DNA polymerase theta (Polu) as a crucial player in this form of A-NHEJ, sometimes referred to as synthesis-dependent microhomology-mediated end joining (SD-MMEJ) (Yu and McVey, 2010) or theta-mediated end joining (TMEJ; Koole et al., 2014 ). Polu appears to play multiple roles in TMEJ (Fig. 2D) , including bridging of the broken ends, possibly at microhomologous sequences, and both template-dependent and independent synthesis of new DNA that may be used as nascent microhomologies during the annealing step (Yousefzadeh et al., 2014; Kent et al., 2015; Zahn et al., 2015) . Intriguingly, Polu expression is upregulated in a variety of human cancers (Kawamura et al., 2004; Higgins et al., 2010; Lemee et al., 2010) . Recent studies suggest that TMEJ becomes essential when other DSB repair pathways, such as homologous recombination, are compromised (Kawamura et al., 2004; Ceccaldi et al., 2015; Mateos-Gomez et al., 2015) . It will be important to determine the true extent to which Polu-mediated processes are responsible for the mutagenesis observed during end-joining repair in humans and other organisms.
Homologous Recombination Repair-Consult and Copy
In contrast to NHEJ, the hallmark of homologous recombination repair is its reliance on a homologous template in order to recover genetic information that may be lost during the initial breakage step or subsequent DNA processing. Many HR models have been proposed, based on a combination of genetic and biophysical analyses of recombination intermediates and repair products (Fig. 3) . All of these models begin with 5 0 !3 0 resection of the broken ends to produce 3 0 single-stranded DNA (ssDNA). Resection is initiated by the action of the Sae2/CtIP nuclease in combination with a complex of the Mre11, Rad50, and Xrs2/Nbs1 proteins (reviewed in Symington and Gautier, 2011) . The short stretches of single-stranded DNA can then be acted upon by additional proteins that carry out more extensive resection, creating multiple kilobases of ssDNA (Fig. 3B ). Following resection, the single-stranded DNA is bound by replication protein A (RPA), which protects it from further degradation. Before HR can proceed, RPA must be displaced and the Rad51 recombinase protein must be loaded onto the single-stranded DNA ends, creating a nucleoprotein filament. Rad51 loading and stabilization is assisted by the Rad52 protein and other factors in budding yeast and by the BRCA1/PALB2/BRCA2 complex in metazoans (reviewed in Heyer, 2007; Prakash et al., 2015) .
Once formed, the nucleoprotein filament engages in a search for a homologous repair template. The mechanism and exact nature of this homology search remains under intensive investigation. In most contexts, a sister chromatid is the preferred HR repair template, due to the presence of cohesin 
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proteins that hold sister chromatids in close physical proximity during S phase and G2, when HR is most active (Mehta et al., 2013) . However, the homology search can take place across the entire genome. As described below, this increases the chances of successful repair but also opportunities for inappropriate pairing and mutagenesis.
Following successful strand invasion, a displacement loop (D-loop) is formed, in which the 3 0 end of the broken chromosome pairs with one strand of the homologous template and concomitantly displaces the other strand (Fig. 3C) . The 3 0 end can then be extended by one or more DNA polymerases. As repair synthesis proceeds and the D-loop is extended, the HR repair pathways can diverge. According to the double-strand break repair (DSBR) model, if the displaced strand of the expanded D-loop begins to pair with the other 3 0 single-stranded tail, second end capture ensures (Fig. 3E ). Subsequent ligation of the nascent strands to the other broken ends results in the formation of double Holliday junctions. These can be cleaved by endonucleases to form either crossover or non-crossover products (Wyatt and West, 2014) , or they can be dissolved through combined helicase/ topoisomerase action (Bizard and Hickson, 2014) .
An alternative to the DSBR model involves the unwinding of the nascent strand from the D-loop, followed by its annealing to the other 3 0 end of the broken chromosome and filling of single-stranded gaps (Fig. 3D ). This type of repair, termed synthesis-dependent strand annealing (SDSA), results in non-crossover outcomes (Morrical, 2015) . In contrast to bulk DNA replication, SDSA involves conservative DNA synthesis, as the presence of newly synthesized DNA is confined to the original, broken chromosome while the template DNA is unchanged (Ira et al., 2006) . Notably, following D-loop unwinding, the nascent strand has an opportunity to anneal with sequences other than those found at the other end of the broken chromosome. This promiscuity can contribute greatly to the mutagenesis that is associated with SDSA.
In cases of one-ended chromosomal breaks caused by replication fork collapse or shortening of telomeres, another HR mechanism called break-induced replication (BIR) can be used for repair ( Fig. 4 ; reviewed in Malkova and Ira, 2013) . DNA synthesis during BIR is conservative, similar to SDSA (Donnianni and Symington, 2013) . However, the amount of synthesis during BIR is much more extensive, consisting of up to hundreds of kilobases. Experiments conducted largely in Saccharomyces cerevisiae suggest a model in which DNA copying proceeds via a migrating D-loop (Saini et al., 2013) with second-strand synthesis significantly delayed relative to the initial strand synthesis, although the length of the delay prior to second strand synthesis is not known.
The first BIR assays in budding yeast involved transformation of a linearized vector, followed by BIR using a homologous sequence on chromosome III as a template to generate a stable chromosome fragment (Davis and Symington, 2004) . These studies established that like SDSA, BIR is Rad52-dependent. BIR efficiency is greatly affected by loss of Rad51, although Rad51-independent BIR can occur at a low frequency (Ira and Haber, 2002; Davis and Symington, 2004) .
Studies of BIR conducted in diploid strains revealed differences in the kinetics of BIR and SDSA. Using Southern blotting and PCR analysis of synchronously induced breaks, 0 single-stranded DNA that can be easily damaged. C: One-ended strand invasion into a homologous template creates a displacement (D)-loop. Synthesis during D-loop extension is potentially mutagenic. Initial strand invasion can also occur at homeologous or microhomologous sequences, resulting in insertion/deletion repair products. D: During synthesis-dependent strand annealing (SDSA), D-loop dissociation and annealing of the nascent strand with single-stranded DNA from the broken chromosome is followed by potentially mutagenic single-stranded gap filling and ligation. E: Alternatively, two-ended invasion and synthesis leads to double Holliday junction (dHJ) formation. Resolution of the dJHs can create crossover (shown) or non-crossover (not shown) products. Asterisks indicate new potential sites of mutagenesis at each step. Malkova et al. (2005) showed that SDSA repair of a two-ended DSB is typically completed in less than 2 h and does not activate the G2/M DNA damage checkpoint. However, the initiation of BIR takes several additional hours and occurs in the context of an active G2/M checkpoint, suggesting fundamental mechanistic differences between SDSA and BIR.
Thorough genetic analysis of SDSA and BIR reveals both similarities and differences in their protein requirements (Table 1) . While both share a need for certain proteins involved in the initiation of replication, including Dpb11 and Sld2/3, BIR has an additional requirement for the replicative helicase proteins, including the GINS complex, Cdc45, and the MCM complex. However, BIR does not need the Cdc6 or ORC proteins that allow DNA synthesis to initiate at replication origins (Lydeard et al., 2010) . In addition, BIR, but not SDSA, utilizes DNA polymerase alpha (Pola). Intriguingly, BIR also requires Pol32, a non-essential subunit shared by Pold and translesion polymerase zeta (Polz), and the 3 0 !5 0 DNA helicase Pif1 (Lydeard et al., 2007; Saini et al., 2013; Wilson et al., 2013) . Notably, Pol32 and Pif1 are not required for normal DNA replication. Although the exact functions of Pol32 and Pif1 in BIR are not well understood, one possibility is that Pol32 is acting to promote the processivity of Pold, while Pif1 may be important for the progression of the mobile D-loop.
While most BIR studies have been conducted in yeast, there is evidence that BIR mechanisms exist and may be conserved in higher eukaryotes. One early study of a complex rearrangement in a hemophilia patient that affected the copy number of several genes, including the Factor VIII gene responsible for hemophilia, attributed the copy number variations to a BIR-induced gross chromosomal rearrangement (Sheen et al., 2007) . In a more recent study, BIR-like recombination events were observed in an osteosarcoma cell line in which replication stress was induced by cyclin E JOURNAL OF CELLULAR PHYSIOLOGY overexpression (Costantino et al., 2014) . The majority of these events were dependent on POLD3, which encodes the human homolog of yeast Pol32. Thus, it is possible that some copy number alterations of up to 200 kb in human cells may result from a Pol32-dependent BIR process.
What Processes Are Responsible for Mutagenesis During SDSA?
Some of the first evidence that homologous recombination may be error-prone came from investigations that took advantage of the S. cerevisiae mating type switching system. Mating type in budding yeast is determined by the presence of one of two distinct alleles at the MAT locus. Haploid yeast cells can switch their mating type by using the site-specific HO endonuclease to induce a DSB at the MAT locus. Following induction of the break, SDSA is used to copy the opposite mating type information from one of two intrachromosomal donors (Haber, 2012) . Many labs have adapted this system, placing the HO recognition sites at various places in the yeast genome and expressing HO under the control of inducible promoters.
In one of the earlier studies that used this system, a DSB was created at an HO site placed 0.3 kb away from various revertible trp1 mutant alleles. The reversion of these trp1 alleles was 100-fold higher in cells that suffered an induced DSB (Strathern et al., 1995) . Interestingly, while Rev3, the catalytic subunit of error-prone Polz, was not required for efficient homologous repair, it was responsible for about 95% of base-substitution mutations (Holbeck and Strathern, 1997) . However, Rev3 was not responsible for frameshifts in this assay, suggesting that one or more DNA polymerases, in addition to Polz, could be contributing to mutagenesis during HR. The most parsimonious interpretation of these results is that Polz, supported by other translesion polymerases, is responsible for much of the single-strand gap filling that occurs at the end of SDSA.
Unexpectedly, it now appears that DNA synthesis that occurs during the extension of the D-loop intermediate during SDSA can also be error-prone. Support for this model came from experiments utilizing a mechanism similar to mating type switching, but with a modification in which the donor locus was altered to include the homeologous Kluveromyces lactis URA3 gene, which shares 73% identity with S. cerevisiae URA3 (Hicks et al., 2010) . Following HO induction at the MAT locus, SDSA occurred efficiently to yield a wild-type URA3 gene at MAT, but rare Ura-deficient mutants could be selected. Astoundingly, the rate of DSB-induced mutagenesis was increased up to 1,400-fold over spontaneous mutation rates (Hicks et al., 2010) .
Most of the observed mutations in this study were base pair substitutions and frameshift mutations. In addition, more complex mutations were observed. These included multiple examples of template switching in the context of imperfect palindromes, along with apparent interchromosomal template switches that involved the use of 2-17 base pair microhomologies during the template switching process. These types of mutations provide the strongest support for the potential unstable nature of the D-loop intermediate in SDSA.
Using proofreading-deficient alleles of replicative polymerases Pold and Pole, the researchers determined that most of the HR-induced mutations were due to the actions of these polymerases. Notably, a mutation in the catalytic subunit of Pold eliminated all (À1) frameshift mutations and complex events involving template switching, suggesting that Pold plays a significant role in specific mutational outcomes during SDSA.
A subsequent study from the same lab showed that interchromosomal template switching during SDSA can occur at a rate of 0.3% when switching occurs between regions of limited homology, and that the switching can occur at a variety of microhomologous junctions . Template switching relies heavily on the Rdh54 protein, a chromatin remodeling factor which plays a role in meiotic recombination in yeast but is not involved in normal SDSA. Although the exact role of Rdh54 in template switching is not well understood, its identification shows that the process of template switching during SDSA is regulated by proteins other than just the DNA polymerases themselves.
The question of whether or not SDSA is mutagenic in other organisms remains an important one to address. Germane to this issue is the degree of functional conservation of SDSA repair factors between yeast and other eukaryotes. Most of the proteins involved in the initial resection, strand invasion, and D-loop formation steps of SDSA do appear to be functionally conserved in Caenorhabditis elegans, Drosophila, and mammals. However, while the involvement of error-prone translesion synthesis (TLS) polymerases in the bulk of initial repair synthesis appears to be restricted in yeast, several studies from metazoan systems suggest that translesion polymerases may participate in synthesis during D-loop extension. Human TLS polymerase eta (Polh) can extend D-loop intermediates in vitro (McIlwraith et al., 2005) and chicken DT40 lymphocytes lacking Polh are defective in gene conversion (Kawamoto et al., 2005) . In Drosophila, mutation of Polh or Polz hampers the efficiency of SDSA, and mutation of both Polh and Polz or Rev1 alone results in increased repair synthesis, suggesting that replicative and translesion polymerases may compete for access to D-loop intermediates (Kane et al., 2012) . Finally, knockdown of Polz or REV1 in HeLa cells results in reduced efficiencies of HR repair, as measured by sensitivity to DSB-induced agents and the use of an HR reporter construct (Sharma et al., 2012) . Together, these studies suggest that translesion polymerases do play important roles in SDSA in some organisms. What remains to be determined is to what extent and in what contexts their use may promote SDSA-induced mutagenesis. As with SDSA, evidence that BIR can be error-prone has largely been obtained from investigations in budding yeast. One widely used system employs disomic budding yeast strains with a galactose-inducible HO cut site at the MAT locus on one copy of chromosome III and a second uncut copy of chromosome III that serves as a donor during BIR (Deem et al., 2008 (Deem et al., , 2011 . Following DSB induction, repair synthesis initiates and copies more than 100 kb to the end of the donor chromosome. Mutagenesis can be quantified using telomere-proximal reporters on the donor chromosome placed at MAT, 16 kb, and 36 kb away from the break site. Remarkably, in this system the mutation rate for BIR is increased 25-2,800 fold relative to spontaneous rates (Deem et al., 2011) . Although the reporters used in this system could only detect frameshift mutations, other types of mutations, including template switches similar to those observed in SDSA, have also been observed during BIR repair (Anand et al., 2014) . SDSA and BIR are similar in that Pold appears to be the main repair polymerase and driver of mutagenesis during normal BIR (Wilson et al., 2013) . However, in cases where BIR is compromised by loss of Pol32 or Pif1, mutagenic repair can still occur (Deem et al., 2008; Wilson et al., 2013; Vasan et al., 2014) , and in pif1 mutants this backup repair appears to rely heavily on Polz (A. Malkova, personal communication) .
In yeast strains lacking Pol32, the frequency of repair outcomes called "half crossovers" increases dramatically ( Fig. 4 ; Deem et al., 2008) . Half crossovers are thought to arise when repair synthesis stalls during BIR and the recombination intermediates are cleaved by structure-specific endonucleases, resulting in a crossover where one of the products is eventually lost (hence the term "half crossover"). Occasionally, one of the cleaved products can reinvade into its intact crossover partner, initiating another round of BIR and generating additional mutations.
One likely cause of mutagenesis during BIR could be the presence of intermediates containing extended tracts of ssDNA, which may be prone to DNA damage. In support of this, ssDNA has been shown to be hypermutable when exposed to base alkylating agents such as methyl methanesulfonate (MMS), which has a mutational signature specific to ssDNA (Yang et al., 2008 (Yang et al., , 2010 . This hypothesis was recently tested by Sakofsky et al. (2014) , who induced BIR in yeast strains that were exposed to different concentrations of MMS. Whole genome sequencing showed that more than 50% of the BIR products exhibited mutation clusters from 4 to 115 kb in length in the area BIR was expected to occur, but not in other regions of the genome. Higher concentrations of MMS resulted in "complex clusters" that may have been created during multiple rounds of half crossovers and secondary BIR events (Vasan et al., 2014) .
Similar to SDSA, BIR is also prone to template switching. Interestingly, this template switching is dependent upon the FancM helicase ortholog Mph1 Stafa et al., 2014) . If the template switches occur between dispersed repeated sequences, chromosome rearrangements can result. In an elegant series of experiments, Anand et al. showed that multiple template switches can occur during BIR, giving rise to complex rearrangements in a process termed microhomology-mediated break induced replication (MM-BIR). While the initial strand invasion that establishes BIR is Rad51-dependent, subsequent template switches involving homeologous or microhomologous sequences do not require Rad51, but are instead reliant on Rdh54 and may involve a mechanism similar to the template switches that occur during SDSA (Anand et al., 2014) . Interestingly, MM-BIR has been postulated to drive copy number variations (CNVs) and chromosomal rearrangements seen in human cancers and inherited diseases, due to the presence of small microhomologies at the junctions of the chromosomal breaks (Hastings et al., 2009) .
A Summary of Mutagenic Mechanisms That Operate During HR Repair
Based on the survey of SDSA and BIR studies described above, there are three likely reasons for the increased rates of mutagenesis that accompany SDSA and BIR. The first is the persistence of long stretches of ssDNA, which are created either during resection or, particularly in the case of BIR, through repair synthesis. This ssDNA is highly vulnerable to attack by various DNA damaging agents and subsequent restoration of the ssDNA to double-stranded DNA can result in the fixation of mutations. The second mutagenic aspect of HR is the repair synthesis that takes place in the context of the D-loop. Here, Pold has been primarily implicated as the mutagenic culprit in yeast, especially for BIR. Why Pold should be so much more error-prone in the context of HR synthesis compared to normal DNA replication is an intriguing question. The answer to this question may partially reside in the third mutagenic aspect of HR repair, which is an increased likelihood of template switching. The remarkable aspect of HR template switching is that the microhomology required for switching can be quite small (on the order of just a few bases).
Overall, the picture that emerges is one in which DNA synthesis during SDSA and BIR is fundamentally different from normal DNA replication. In both processes, DNA synthesis is not highly processive and the polymerase is prone to slippage and stalling, which may act to promote dissociation of the D-loop intermediate and subsequent invasion into homeologous templates. Frequent template switching then results in increased frequencies of mutagenesis and repair products with unique mutational spectra. As described in the next section, these mutational spectra are now being observed in human genomes, suggesting that at least some of the mechanisms behind DSB-induced mutagenesis observed in model systems might operate in humans.
Error-Prone Double-Strand Break Repair Contributes to Genome Instability Observed in Cancers and Other Human Diseases
Deep sequencing of cancer genomes has revealed the extreme amount of genetic diversity that exists in different cancers, including point mutations, translocations, copy number variations, and complex genomic rearrangements. Many of these genomic changes can be attributed to inaccurate or inappropriate repair of DSBs. For example, in cases where two or more DSBs are formed simultaneously, end joining between heterologous chromosomes can result in chromosome fusions and translocations (reviewed in Iarovaia et al., 2014) . In one study conducted using mouse embryonic stem cells, translocations were induced following cutting by multiple zinc finger nucleases (ZFNs). These translocations were largely dependent upon an A-NHEJ pathway, involving CtIP and DNA ligase 3, which utilizes microhomologous sequences during the rejoining process (Simsek et al., 2011; Zhang and Jasin, 2011) . The presence of C-NHEJ factors, such as DNA ligase 4, suppressed these translocations. Notably, in the absence of ligase 3, residual translocations were observed that depended on DNA ligase 1 but did not utilize long microhomologies, suggesting that there may be more than one A-NHEJ mechanism for translocation formation in mice (Simsek et al., 2011) .
Strikingly, the ligase requirement for translocation formation in mice appears to be reversed in humans. In a recent JOURNAL OF CELLULAR PHYSIOLOGY study using human cells, chromosome translocations were created using a combination of designer nucleases, including ZFNs, TALENs, and CRISPR/Cas9 (Ghezraoui et al., 2014) . The sequence signatures at the translocation breakpoints were changed in cells depleted for C-NHEJ factors such as DNA ligase 4 and Xrcc4, with larger deletions and greater use of microhomology, consistent with an alternative NHEJ signature. Thus, it appears that in human cells the primary driver of DSB-induced translocations may be C-NHEJ.
A more extreme case of error-prone DSB repair operating in cancer cells can be observed in chromothripsis, a recently described phenomenon characterized by massive chromosome translocations, rearrangements, and inaccurate "stitching" together of chromosome pieces. The first instance of chromothripsis was observed in a patient with chronic lymphocytic leukemia who possessed 42 somatic genomic rearrangements within the long arm of chromosome 4 (Stephens et al., 2011) . Since then, many examples of potential chromothripsis events have been reported (Cai et al., 2014) . Although controversy remains about exactly what types of events constitute chromothripsis, it has been proposed that the signature of a single catastrophic event leading to chromothripsis is distinct from other types of sequential rearrangements and can be summarized by specific criteria: the identification of many rearrangements in a single area such as a chromosome or chromosome arm, alternating copy number states within the rearrangements, and clustered breakpoints within one or several chromosomes that appear to originate from double-strand breaks (Maher and Wilson, 2012; Zhang et al., 2013) . It bears noting that chromothripsis is not isolated to cancer genomes, as chromothripsis-like events have also been observed in normal human development and may contribute to genetic abnormalities resulting in birth defects (Kloosterman et al., 2011) .
While the underlying mechanisms of chromothripsis are still not fully understood, the general consensus is that the shattering process is initiated by the creation of multiple DSBs, which are then repaired by end joining. One idea is that exogenous damage, such as ionizing radiation, could occur within a localized area while chromosomes are tightly compacted during mitosis, resulting in concentrated areas of DSBs in one or more chromosomes/chromosome arms. The complexity of the rearrangements and the fact that the repair junctions possess little to no homology suggest that the main mechanism used to repair the many breaks is either C-NHEJ, A-NHEJ, or some combination of the two. As one example, genomic analysis of 10 individuals with congenital diseases who exhibited multiple complex translocations and rearrangements characteristic of chromothripsis revealed that the breakpoints possessed signatures of both NHEJ and MMEJ (Kloosterman et al., 2012) .
In addition to chromothripsis, other types of complex duplication, triplication, and insertion/deletions events have been described in both cancers and in inherited genomic disorders. These types of rearrangements, sometimes described as chromoanasynthesis, involves a gain of chromosomal copy number, usually involving small fragments of one or more chromosomes resulting in clustered rearrangements (Hastings et al., 2009; Liu et al., 2011) . The genesis of the types of complex rearrangements seen in chromoanasynthesis is difficult to explain by simple end-joining repair. Such events may instead occur by mechanisms involving replication fork stalling and fork restoration via template switching (FoSTeS), or by MM-BIR. FoSTeS was first proposed as an explanation for the breakpoint sequences observed in cells of patients with Pelizaeus-Merzbacher disease (Lee et al., 2007) . The FoSTeS model postulates fork stalling and disengagement of the lagging strand, invasion into a nearby replication fork, and annealing at microhomologies with low processivity polymerization and many template switches, resulting in complex rearrangements. MM-BIR, as discussed previously, is thought to occur after a replication fork collapses at a single stranded DNA break or nick and proceeds via invasion at microhomologies, followed by highly processive and mutagenic replication, potentially with multiple template switches. Both mechanisms are thought to be the cause of CNVs and chromosomal rearrangements observed in many human cancers and certain diseases (Zhang et al., 2009; Forment et al., 2012) .
In addition to end joining and FoSTeS/MM-BIR, cells may use other non-conservative repair processes in situations where chromosome shattering results in a large number of DSBs (Table 2 ; reviewed in Colnaghi et al., 2011) . Furthermore, the initial repair process may lead to more deleterious mutations and additional DSBs that can initiate more rounds of chromosome rearrangements, resulting in highly complex Following DSB formation, resection occurs, followed by annealing at direct repeats flanking the DSB and flap removal. Single-strand gap filling and ligation results in large deletions Chen et al. (2010) Nonallelic homologous recombination (NAHR)
Recombination occurs between paralagous low copy repeats (LCRs)/segmental duplications; in trans leads to deletion and reciprocal duplications, in cis results in an inversion. Leads to recurrent copy number variants and chromosomal rearrangements Liu et al. (2012) Fork stalling template switching (FoSTeS) Stalling of replication fork at a DNA lesion leads to polymerase dissocation and invasion of nascent strand into a nearby replication fork at regions of microhomology, followed by low processivity polymerization. Complex rearrangements result from serial template switches Lee et al., (2007) , Lange et al. (2011 ), Liu et al. (2011 Microhomology-mediated break-induced replication (MMBIR)
Collapsed replication fork at single stranded DNA break or nick, invasion at microhomologies, followed by highly processive and mutagenic replication. Leads to complex rearrangements JOURNAL OF CELLULAR PHYSIOLOGY mutational patterns. Many types of DSB repair could be involved, including processes such as SSA and mutagenic SDSA or BIR (reviewed in Chen et al., 2010) . As one example, an increase or decrease in rates of homologous recombination in multiple myeloma cell lines led to increases in loss of heterozygosity and ongoing rearrangements as seen in chromothripsis (Shammas et al., 2009 ). Non-allelic homologous recombination (NAHR) may also be a prevalent repair pathway for instances where multiple chromosome breaks occur, as this type of repair occurs via recombination between paralagous low copy repeats leading to deletions, reciprocal duplications, and inversions. NAHR can also lead to isochromosome formation, recurrent CNVs, and chromosomal rearrangements, which are all hallmarks of chromothripsis (Chen et al., 2010) .
What Are the Most Important Questions to Answer About Error-Prone DSB Repair?
It is now clear that the inaccurate repair of double-strand breaks can serve as a driving force behind genomic change and genetic instability. While the molecular mechanisms underlying DSB-induced mutagenesis are starting to come into focus, many important issues remain to be resolved. First, from a mechanistic standpoint, we would like to know and understand the rules that govern the use of homologous and microhomologous sequences during template switching in SDSA and BIR. Second, besides the requirement for Pol32 and Pif1, what other genetic factors distinguish BIR from both SDSA and normal DNA replication in yeast? Along these lines, are the mechanisms of SDSA and BIR fully conserved in other eukaryotes, or are there crucial differences that have evolved due to genome size or structure? Finally, what are the relative contributions of C-NHEJ, A-NHEJ, and HR repair processes to phenomena such as chromothripsis, chromoanasynthesis, and complex genome rearrangements that are observed in the context of both normal development and disease? Future studies that combine experiments in model organisms with deep sequencing and genomic studies in humans should allow us to make rapid progress toward addressing these questions.
